The coupling between a Co layer with in-plane easy axis of magnetization and a Ni layer with out-of-plane easy axis across a nonmagnetic Cu spacer layer was studied by layer-resolved magnetic imaging. Photoelectron emission microscopy and magnetic circular dichroism in soft x-ray absorption as the magnetic contrast mechanism were used for the domain imaging. Crossed, wedge-shaped epitaxial Co and Cu layers of 3.5-5.7 atomic monolayers ͑ML͒ Co and 2.5-4.1 ML Cu were deposited onto 15 ML Ni/Cu͑001͒. The competition between ferromagnetic interlayer coupling and the magnetic uniaxial anisotropies of the two magnetic layers leads to a noncollinear magnetization configuration at Cu thicknesses above 3.1 ML. The Ni magnetization is thereby in a canted state, whereas the Co magnetization is nearly in plane. The canting angle of the Ni magnetization can be tuned between the surface normal and Ϸ45°by adjusting the Cu thickness. At a Cu thickness of approximately 3.1 ML a transition to a collinear in-plane configuration at lower Cu thicknesses is observed. This can be explained by a phenomenological expression including the fourth-order anisotropy of the Ni layer.
I. INTRODUCTION
The coupling between two magnetic layers across a nonmagnetic spacer layer has attracted a lot of attention, motivated both by fundamental interest [1] [2] [3] [4] and by the prospect of applications in data storage, magnetic sensors, and magnetoelectronics. [5] [6] [7] The magnetic interlayer interaction for metallic nonferromagnetic spacer layers is commonly described by a phenomenological expression for the coupling energy, ϪJ 1 (m 1 •m 2 ). 1, 2 Here m 1 and m 2 are the unit vectors of magnetization in the two magnetic layers. The interaction is characterized by the coupling constant J 1 , also termed the bilinear coupling constant, which includes electronic and magnetostatic contributions. Depending on the sign of J 1 either a parallel or antiparallel orientation of the two layer magnetizations is energetically preferred. Besides these collinear configurations also noncollinear coupling has been observed, especially for antiferromagnetic spacer layers. [8] [9] [10] This noncollinear coupling is described by a higher-order term in (m 1 •m 2 ) favoring 90°alignment of the magnetization directions ͑''biquadratic coupling''͒. It appears as a consequence of roughness-induced spatial fluctuations in the sign of J 1 ͑Ref. 11͒ or in a model explicitly taking into account the antiferromagnetism of the spacer layer. 12 In contrast to that, a noncollinear magnetic configuration induced by different magnetic anisotropies in the individual magnetic layers was recently proposed by Taga et al. 13 Calculations for ͓Fe/V/Co/V͔ multilayers yielded for a certain thickness combination a magnetic configuration in which the Co layers are magnetized perpendicular to the film plane ͑''out of plane''͒, whereas the Fe magnetization is in the film plane ͑''in plane''͒. 13 This is a direct consequence of orthogonal easy axis directions in the Co and Fe layers. In the absence of interlayer coupling the magnetic easy axes are defined by separate minimization of the anisotropy energy in each layer. Considering coupling between layers of different easy axes, the magnetization directions are determined by the competition between the anisotropy energy and the coupling energy.
In the case of a strong coupling, m 1 and m 2 are forced to be collinear, whereas for weak coupling the individual magnetization directions will be along the respective easy axes. Reorientation transitions between these two situations will occur for intermediate coupling as a function of the coupling strength. In the course of these reorientation transitions, depending on the angular shape of the anisotropy energy contours, also noncollinear configurations with obliquely canted magnetization directions can be expected even at zero field.
An example of epitaxial films that exhibit different magnetic easy axes for growth on the same substrate are ultrathin Ni and Co films on Cu͑001͒: Whereas Co films are always magnetized in the film plane, 14, 15 Ni films show a perpendicular magnetization in an extended thickness range. 16 -18 The possibility of a canted magnetization in Co/Cu/Ni trilayers had been discussed by Lauhoff et al. based on the observation of reduced remanence of both films in neutron diffraction experiments. However, a multidomain state of the sample, leading possibly to the same observations, could not be ruled out. 19 A reduced remanence of the Ni layer in the direction of the Co layer magnetization has been reported recently by Scherz et al. in Ni/Cu/Co trilayers on Cu͑001͒ in a thickness range where both magnetic layers exhibit inplane easy axes. 20 It was discussed as a noncollinear configuration of in-plane magnetizations due to the interplay of antiparallel coupling (J 1 Ͻ0) and the temperature-dependent coercivity of the Ni layer. 20 However, a dominant contribution of biquadratic coupling or a multidomain state could not be ruled out.
We present in this paper a layer-resolved photoelectron emission microscopy ͑PEEM͒ study of the magnetic domain patterns of Co/Cu/Ni trilayers, epitaxially grown on Cu͑001͒. From element-selective domain patterns of the as-grown films we can directly extract the local magnetization vector. The element selectivity is provided by x-ray magnetic circular dichroism ͑XMCD͒, which is used as a magnetic contrast mechanism for the PEEM domain images. The x-ray absorption cross section at elemental absorption maxima thereby depends on the relative orientation of the helicity vector of the circularly polarized incoming x-rays and the magnetization direction in the sample. 21 This allows one to image the domain configuration in each magnetic layer separately. Definite conclusions about canted and noncollinear magnetization configurations can be drawn, independent of domain formation. We show that for appropriate layer thicknesses a reorientation transition in the Ni layer between a noncollinear out-of-plane configuration and a collinear in-plane configuration occurs, during which the Ni assumes a canted magnetization. The canting angle can be tuned in a large range by varying the interlayer coupling strength, i.e., by varying the Cu spacer layer thickness.
II. EXPERIMENT
The measurements were performed at the helical undulator beamline UE56-2 of BESSY II in Berlin. Circularly polarized light emitted in the fifth harmonic of the undulator with a degree of polarization of about 80% was used, incident to the sample under an angle of 60°from the surface normal.
In PEEM the local secondary electron yield at the sample surface is used to create a magnified image of the sample, which is proportional to the local absorption and thus to the projection of the local magnetization direction onto the light incidence direction. 22 A vectorial characterization of the magnetization direction within magnetic domains is achieved by rotating the sample about the surface normal and acquiring images of the same spot on the sample for different light incidence azimuths.
The setup of the electrostatic photoelectron emission microscope ͑Focus IS-PEEM͒ is identical to that described in previous publications. 23 In short, it consists of an electrostatic straight optical axis microscope with an integral sample stage and a variable-contrast aperture. The magnified image is intensified by a two-stage microchannel plate and converted into visible light by means of a scintillator crystal. The image is then computer recorded with 12-bit resolution by a Peltier-cooled camera ͑PCO SensiCam͒, which was operated with 2ϫ2 binning of pixels. Parameters were set to result in a lateral resolution of 0.4 m and a field of view of 60 m. Images are presented in the form of grayscale-coded absorption asymmetry for opposite light helicity at the maxima of the Ni and Co L 3 edges, respectively. The acquisition times for the images presented here were 6 min for each helicity. For the quantitative analysis pre-edge images acquired at 5 eV lower photon energy were subtracted prior to evaluation of the XMCD asymmetry.
Co/Cu/Ni films on Cu͑001͒ were grown and imaged at room temperature in an ultrahigh-vacuum chamber ͑base pressure 1ϫ10
Ϫ8 Pa in the sample preparation chamber and 2ϫ10 Ϫ8 Pa in the PEEM chamber͒ equipped with standard facilities for sample preparation and surface characterization. Nickel, copper, and cobalt films were evaporated by electron bombardment from high-purity material. Deposition rates were around 0.5 atomic monolayers ͑ML͒ per minute. Film thicknesses were derived from medium-energy electron diffraction oscillations during growth and Auger electron spectroscopy. The accuracy of the cited thicknesses is estimated as 10% for Ni and Co and 20% for Cu. Cu and Co were prepared as crossed wedges by positioning 2ϫ0.5 mm 2 slit apertures in front of the sample and rocking the sample and mask assembly about the long axis of the aperture during film deposition, as described in Ref. 24 . Figure 1 shows domain images obtained at the Co L 3 edge ͑left͒ and the Ni L 3 edge ͑right͒ of a Co/Cu crossed double wedge on 15 ML Ni/Cu͑001͒. The Co thickness varies in the range of Fig. 1 from 3 .5 to 5.7 ML from bottom to top, as indicated at the left axis, and the Cu thickness from 2.5 to 4.1 ML from left to right, as indicated at the bottom axis. Different colors correspond to different projections of the local magnetization direction onto the direction of incoming light, which is 30°from above the surface in the direction indicated in the bottom right corner of the left image. The legend in the right upper corner of the figure indicates the colors for positive and negative asymmetry, corresponding to parallel and antiparallel alignments of the local magnetization direction and light incidence. Only four different types of domains are recognized in the Co image. Most of the area is covered by relatively big stripelike domains showing a dark-blue and yellow contrast. At the top of the image also smaller domains with two intermediate colors, light blue and green, are present. Analysis of these four contrast levels reveals that the Co magnetization direction is in the film plane over the whole image, oriented along the four ͗110͘ crystal axes, as indicated by arrows. The average domain size in the upper part of the image is smaller than in the lower part. Such locally varying domain size differences in Co/Cu͑001͒ ultrathin films have been already observed previously. 25 Inspection of the Ni image of Fig. 1 shows that the leftmost third of the image exhibits an identical domain pattern as the Co image. The three different color levels that are mainly observed in this part of the image exhibit the same relative size for Ni and Co. The Ni magnetization is here consequently also in plane, aligned with the Co magnetization direction, as shown by arrows.
III. RESULTS
A slightly tilted meandering vertical line, starting at about 3.1 ML Cu thickness in the bottom of the image, as indicated by the horizontal bar, and reaching the top at about 3.3 ML Cu thickness, separates this aligned in-plane region from the region at the right-hand side, which exhibits a gradual change of contrast. This change of contrast is seen best in the big stripelike domains in the lower half of the images. A gradual change from green to light blue is seen when following the stripes corresponding to blue domains in the Co image from right to left. This is explained by a canted magnetization in the Ni film, where the canting angle is gradually changing as a function of Cu thickness. Two sketches at the right-hand side of Fig. 1 illustrate the situation. The green Ni contrast in the blue Co domains is generated by a perpendicular Ni magnetization component pointing out of the surface plane ͑upper sketch͒. This leads to an antiparallel component of the magnetization direction with respect to the light propagation vector. The light blue contrast in the yellow Co domains is explained equivalently by a perpendicular magnetization component pointing into the surface plane ͑lower sketch͒. For decreasing Cu thickness the Ni magnetization is increasingly canted into the local Co in-plane direction, until it suddenly switches into the aligned in-plane orientation. The color in the Ni image between these two domains thus reverses as a function of Cu thickness. At the zero crossing of the asymmetry-that is, where both domains show identical colors-the magnetization direction is perpendicular to the light incidence. Summarizing the observations from Fig. 1 , we have a collinear region at small Cu thicknesses, in which both the Ni and Co moments are aligned and in the film plane, and a noncollinear region at higher Cu thicknesses, in which Ni shows a canted magnetization direction, whereas Co is magnetized in plane. The above-mentioned meandering line at 3.1-3.3 ML Cu thickness separates these two regions.
If we distinguish the Ni domains at the right-hand side of the image only with respect to their perpendicular magnetization component, three stripelike domains are observed in which the out-of-plane component of the Ni magnetization points up, separating bigger areas in which the Ni out-ofplane component points down. All the smaller domains that are mainly present in the upper part of the image differ only in their in-plane component, which means by the azimuthal orientation of the canting direction, induced by the corresponding in-plane Co domains. A clear correlation between the Ni out-of-plane domains and the Co in-plane domains can be seen when comparing the Ni and Co domain patterns. In the part of the sample imaged here predominantly dark blue, i.e., ͓1 10͔-oriented, Co domains are found on top of ''up'' domains of Ni and yellow (͓11 0͔-oriented͒ domains on top of Ni ''down'' domains. The exact mechanism leading to this domain correlation is at present not fully clear and is the subject of further investigation.
A quantitative analysis of the Ni canting angle is shown in Fig. 2 . It shows the Ni magnetization angle ⌰ in the plane spanned by the surface normal and the local Co in-plane magnetization direction as a function of Cu spacer layer thickness. Pure out-of-plane magnetization is defined as 90°, whereas 0°means in-plane magnetization aligned with the Co magnetization. The data points of Fig. 2 were obtained by a discriminating pixel-by-pixel analysis considering only regions of dark blue and yellow domains in Co, respectively, and averaging pixels belonging to the same Cu thickness. The analysis shows that at the right-hand side of Fig. 1 , at around 4 ML Cu thickness, the Ni magnetization is canted by more than 20°away from the out-of-plane direction. For decreasing Cu thickness the Ni magnetization is tilted further into the direction of Co magnetization, until at around 3.2 ML Cu thickness and ⌰Ϸ45°it turns completely into the in-plane direction (0°). In Fig. 2 this switching into the inplane direction is not recognized as the sudden event that it is 
IV. DISCUSSION
The canting of the Ni magnetization into the direction of Co magnetization can be understood from the competition of the magnetic interlayer coupling between Ni and Co layers and the magnetic anisotropy of each of the two layers. We assume that in the Cu thickness range of Fig. 1 the coupling between Ni and Co favors ferromagnetic alignment and decreases with increasing Cu thickness. Furthermore, for the Ni and Co thicknesses investigated here, we can safely assume that the magnetic anisotropy is out of plane for the Ni layer and in plane for the Co layer. Whereas the perpendicular anisotropy of the Ni layer tends to orient the Ni magnetization out of plane, the ferromagnetic interlayer coupling tries to align it parallel with the Co moment, thus leading to a canted configuration. Since the Co in-plane anisotropy is much stronger than the Ni out-of-plane anisotropy, this will have only little effect on the Co magnetization direction.
In the limit of small canting of the Co magnetization, the interlayer coupling acts on the Ni layer in the same way as an external magnetic field, provided that the layer thickness is small compared to the exchange length, as is the case here. Spin-reorientation transitions in the presence of an external field have been theoretically investigated by Millev et al. 30 It has been outlined by these authors that transitions between canted and conforming phases ͑the latter has to be identified with our collinear phase͒ occur only for opposite sign of second-order anisotropy constant K 2 and fourth-order anisotropy constant k 4 , where the anisotropy energy is expanded into a power series of even powers of cos(⌰), keeping only the first two terms, i.e., K 2 cos 2 (⌰)ϩk 4 cos 4 (⌰). Here ⌰ is the angle between the magnetization and the film plane. The uppercase letter of K 2 indicates that the effective uniaxial anisotropy is meant, which includes the magnetostatic demagnetizing energy Ϫ
Applying a field along the hard axis leads in this case to a gradual canting of the magnetization away from the easy axis into the field direction, followed by an abrupt transition into the hard axis for higher fields. 30 Qualitatively the same behavior is observed in the Co/Cu/Ni trilayers.
To describe the more general case of two coupled magnetic layers we have to consider the anisotropy energy of both layers. The free energy F of the Co/Cu/Ni trilayer can be phenomenologically written as
͑1͒
The first term on the right-hand side describes the anisotropy of the Co layer, the next two terms the anisotropy of the Ni layer, and the last term the interlayer exchange coupling between Co and Ni layers. Since the fourfold in-plane anisotropy of 15 ML Ni/Cu͑001͒ was reported to favor the ͗110͘ directions, 18 which coincides with the easy axis of magnetization in Co/Cu͑001͒, 14, 15 only magnetization directions within the (11 0) plane-i.e., the plane containing the ͓001͔ surface normal and the ͓110͔ in-plane direction-are considered here. For Co we have included only the first term of the expansion in cos 2 (⌰), which is sufficient since the Co magnetization deviates only very little from the in-plane direction. In the expression for the Ni anisotropy also the fourth power in cos(⌰ Ni ) has been included in order to model the sudden switching of the Ni layer into the aligned direction. Similar to the case of spin reorientation transitions in an external field, a fourth-order contribution of opposite sign compared to K 2 is necessary to describe the sharp transition between noncollinear and collinear magnetization. Since K 2,Ni is positive ͑out-of-plane easy axis͒, a negative fourthorder contribution is needed.
For the numerical modeling we have chosen literature values for K 2,Co and K 2,Ni . From Ref. 15 Fig. 1. 90°corresponds to the out-of-plane direction, 0°to the in-plane direction. minima in F(⌰ Ni ). Tracing the local energy minimum from M NiЌ /M Ni ϭ1 takes into account the experimental situation, where the Ni film is first magnetized out of plane before the Co overlayer is deposited. In the reverse case, when the Ni layer is first magnetized in plane, the respective jump to the canted magnetization upon decreasing coupling strength would occur at a smaller J 1 . For the above anisotropy values the transition from canted to in plane magnetization is calculated to occur at 116 eV/atom, whereas the jump from in plane to canted would be at 92 eV/atom.
One can see that the experimental results concerning the gradual canting of the Ni magnetization and the sudden jump to in-plane orientation are reproduced by that simple model if we identify the decreasing Cu spacer layer thickness with increasing coupling strength J 1 . From comparison of Figs. 1 and 3 it is possible to extract the coupling strength as a function of Cu film thickness, keeping in mind that the absolute values of J 1 depend on the assumption of the above literature values of K 2 . This is shown in Fig. 4 . The markers represent the experimental data points; the solid line is a parabolic fit to the data. The magnitude of the coupling strength J 1 corresponding to the range of Cu thicknesses imaged in Fig. 1 is in reasonable agreement with what is usually observed. 1 We do, however, not find negative values for J 1 in that thickness range. In a recent paper about Curie temperature shifts in exchange-coupled Co/Cu/Ni/Cu͑001͒ samples Ney et al. also observe a decreasing coupling strength with increasing Cu thickness above 3 ML. 26 A small negative maximum of J 1 between 3.5 and 4.0 ML Cu thickness, however, is present in Ref. 26 and attributed to the short-period oscillation of J 1 . This is not seen in the present data. We attribute that to the different Ni layer thickness, 15 ML in contrast to 3.0-4.8 ML in Ref. 26 , which leads to a significantly higher roughness of the films. 27 A higher interface roughness in turn leads to a stronger damping of the short period oscillation 28 and to a stronger superimposed contribution from ferromagnetic magnetostatic coupling ͑so-called ''orange-peel'' coupling 29 ͒, which are likely responsible for the absence of antiparallel coupling in our samples.
Using the fit to the data from Fig. 4 , the experimental data points for the Ni out-of-plane magnetization component can be plotted as a function of coupling strength. This is done in Fig. 3 , where the markers illustrate the range probed in the present experiment. The corresponding Cu spacer layer thicknesses are given at the upper axis.
From the above model it follows that also the Co magnetization is canted away from the in-plane direction by up to 3°. This is, however, too small to be recognized in the PEEM experiment. As discussed above, in that case the action of the Co layer on the Ni layer, mediated by the interlayer coupling, is similar to that of an external field. For ⌰ Co ϭ0, Eq. ͑1͒ reduces to the expression for the free energy of a single Ni layer in an external in-plane magnetic field H, where the coupling term ϪJ 1 cos(⌰ Ni ) can be identified with the Zeeman energy ϪH•M Ni ϭϪHM Ni cos(⌰ Ni ). The field H which would be necessary for canting the Ni layer to the maximum angle of 45°is calculated to be 2065 Oe, using the above Ni anisotropy parameters.
The coupling-induced spin-reorientation transition of the Ni layer in the Co/Cu/Ni trilayers is qualitatively different from thickness or temperature induced spin-reorientation transitions in single magnetic ultrathin films. In the latter a canted magnetization occurs only in the presence of a positive fourth-order anisotropy term in the phenomenological expansion of the anisotropy energy, 18, [31] [32] [33] [34] which leads to a continuous, second-order-like transition. Canting is not observed during a first-order-like transition. The spin reorientation-transition mediated by the interlayer coupling, on the other hand, can show a canted magnetization for both signs of the fourth-order term. The fourth-order term again describes the type of the transition, continuous or discontinuous. In the present example of Co/Cu/Ni trilayers we observe the discontinuous type, characterized by the absence of canting angles below 45°from the plane of the film.
The magnetocrystalline anisotropy of bulk Ni favors the ͗111͘ directions as easy axes and thus would contribute with a positive sign to k 4,Ni in Eq. ͑1͒. From the room-temperature anisotropy constant of bulk Ni, 35 however, a possible contribution from bulk anisotropy is calculated to be only 0.3 eV/atom, or 4.5 eV/surface atom for 15 ML Ni, which is clearly weaker than the negative fourth-order anisotropy observed here. Extrapolation of the ferromagnetic resonance data of Farle et al. to 15 ML also yields a fourthorder anisotropy with ͑in our nomenclature͒ a positive sign of ϩ21 eV/surface atom. 18 However, these data were recorded from Ni films of 6.7-8.0 ML thickness on Cu͑001͒, which is exactly the thickness at which the authors observe the reorientation of the easy axis of magnetization of Ni/ Cu͑001͒ from in plane to out of plane. A fourth-order anisotropy with a positive sign at a thickness close to the spinreorientation transition can be caused by thickness fluctuations, which lead to spatial fluctuations of the sign of the second-order anisotropy. 36 This mechanism is similar to the one used to explain the biquadratic interlayer coupling.
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At 15 ML Ni thickness, which is clearly above the spinreorientation transition thickness of single Ni films on Cu͑001͒, this positive contribution to k 4 would be much reduced, so that an intrinsic negative contribution could show up. The different environment and different interfaces in Ni/ Cu͑001͒ and Co/Cu/Ni/Cu͑001͒ could also account for the different sign.
We have to recall at that point that the expansion of anisotropy energy into a power series of cos(⌰) is just a phenomenological description of the intrinsic angular dependence of the anisotropy energy. This energy is determined by changes in the electronic structure corresponding to the symmetry character of the respective magnetization direction. 37 Since small changes of the total band energy are sufficient to account for the observed size of anisotropies, geometrical details like strain and interface roughness as well as hybridization with adjacent layers will have a sizable influence. The occurrence of continuous or discontinuous spin-reorientation transitions depends in a very sensitive way on the system parameters. 38 The value of k 4,Ni directly influences the maximum canting angle of the Ni magnetization and, thus, the Cu thickness at which the jump to the collinear configuration occurs. The meandering shape of the transition line between the noncollinear canting phase and the collinear in-plane phase seen in Fig. 1 indicates indeed a sensitive dependence of k 4,Ni on local properties in the film. Local fluctuations in the Cu transition thickness of 0.1 ML correspond to changes in k 4,Ni of 1.5 eV/surface atom.
A possible biquadratic contribution to the interlayer coupling has been neglected in our model. In the limit of small canting of the Co magnetization the effect of a biquadratic coupling, which is represented by an energy term ϪJ 2 cos 2 (⌰ Co Ϫ⌰ Ni )→ϪJ 2 cos 2 (⌰ Ni ), would be indistinguishable from a modification of the value of K 2,Ni .
The weak dependence on Co thickness of the transition line between the canted and aligned phases seen in Fig. 1 is also reproduced in the model of Eq. ͑1͒. The coupling strength at which the switching to the aligned in-plane magnetization occurs depends on K 2,Co and, thus, on Co thickness. If the Co layer has a stronger in-plane anisotropy ͑more negative K 2,Co ), the Co magnetization will be canted less away from the 0°in plane direction, which leads to a higher torque on the Ni magnetization, which in turn is equivalent to a stronger coupling. The transition to in plane will thus happen at smaller interlayer coupling strength for higher Co anisotropy or, in other words, at a higher Cu thickness for higher Co thicknesses. Since the Co canting angle is small, the variation of the Cu thickness of the reorientation transition will also be small. This is exactly what is observed in Fig. 1 . This dependence on Co thickness makes it very implausible that a sudden drastic increase in coupling strength with Cu thickness-for example, by a perforation of the Cu layer-could be the cause of the sudden switching of the Ni magnetization to in plane. We therefore believe that it is indeed the angular dependence of the Ni anisotropy energy that leads to this behavior.
Qualitatively the canting of the Ni and Co magnetization directions resembles the suggested magnetic configuration of a 23 Å Co/10 Å Cu/53 Å Ni trilayer in a paper by Lauhoff et al. 19 Quantitatively, however, the suggested tilt angles of 19°away from out of plane for Ni and 27°away from in plane for Co are not consistent with our data. Therefore, the alternative explanation of the authors, their results being determined by the domain structure of their samples, seems to be the more likely one.
V. CONCLUSION
The layer-resolved direct observation of the magnetic domain configuration in Co/Cu crossed wedges on Ni/Cu͑001͒ revealed two different magnetic configurations as a function of Cu spacer layer thickness. The spin-reorientation transition in the Ni layer from out of plane to in plane for increasing coupling strength proceeds by a continuous canting of the Ni magnetization direction out of the perpendicular direction and a subsequent switching into an aligned phase, in which both magnetizations are in plane. In the canted phase the Ni canting angle can be tuned over a wide range of angles by adjusting the interlayer coupling strength via the Cu thickness. Such a canted magnetization might be technologically interesting to introduce a bias magnetization component perpendicular to the actual magnetization directionfor example, to influence the magnetic switching behavior in small elements. The presence of the two phases is attributed to the angle dependence of the magnetic anisotropy energy of Ni. From the phenomenological modeling a hysteretic behavior is expected in the switching between these two phases. To use such a behavior might be interesting for the design of magnetic elements that can be switched between more than only two magnetic states.
